Abstract. Small-scale self-focusing (SSSF) causes the distribution of spatial intensity to become asymmetrical. Spatial distribution would generate new growth point during SSSF. We measure the spatial-temporal evolution for ultrashort laser pulse with different truncation parameter of knife-edge during SSSF. Our results show that the new growth point is increasingly far away from center of beam and its intensity increases with decrease of truncation parameter. Meanwhile, the pulse width at the growth point becomes narrower. We find that our experimental results are in good agreement with an approximate theoretical analysis.
Introduction
It is a known fact that spatial diffraction is the main reason for the initial intensity modulation. Initial intensity modulation is inevitable due to the confined aperture size of various transmitting devices in the laser system [1] and the existence of noise during the process of transmission [2] . Spatial diffraction can cause the intensity of the laser pulse to produce small-scale modulation and then the intensity distribution becomes asymmetrical [3] . This situation is easily leading to generating SSSF in nonlinear case [4] . SSSF leaded to off-axis energy moving toward the peak of the pulse and the laser pulse compressed in both space and time, which caused the peak intensity augmenting [5, 6] . The increase of peak intensity caused self-phase modulation (SPM) to enhance, which leaded to generating new frequency components [7, 8] . If the peak intensity of the laser pulse continually increased, then the combination of the SPM-induced up-chirp and normal group velocity dispersion acted to push the energy away from the peak position, thus initiated the breaking up of the pulse [9, 10] . It is generally accepted that SSSF is described in terms of the modulation instability (MI) model that was first proposed by Bespalov and Talanov [11] . Then the B-T theory was verified experimentally by Campillo [12] and Bliss [13] . MI is one of the most elementary effects, which associated with wave propagation in nonlinear medium. The gain spectrum of MI leads to amplification of sidebands, which breaks up the otherwise uniform wave front and generates fine localized structures.
In high power laser, SSSF is one of the most fundamental phenomena in nonlinear optics. It is the major factor limiting the maximum power available from a high power solid-state laser [14, 15] . So SSSF has traditionally been attracted more attention and had extensity research in experimental and theoretical [16] [17] . Many studies are based on different peak power [18, 19] , the form of spatial modulation [20] [21] [22] , and different initial chirped [23] . Another, the spatial-temporal evolution for laser pulse is also the main research domain. The direct time-resolved observation of the propagation of intensity femtosecond laser pulses experiencing SF, beam filamentation is investigated extensively [24] [25] [26] . Previously, we have observed the evolution of spatial modulation in the process of SSSF of a beam, the impact of relaxation effect in the media on spatial-temporal instability [27, 28] . However, these studies mostly concentrate on the spatial evolution and temporal evolution independent. They only describe the spatial-temporal coupling phenomenon through experiment. They didn't explain the detailed reason for the temporal evolution during the SSSF.
In this paper, the propagation regularity of knife-edge diffraction is systematically expounded. We find that the new growth point is different with the truncation parameter. The spatial intensity of growth point strengthens with the decrease of truncation parameter. Then, we show the temporal evolution of the new growth point. The increase of spatial intensity for the new growth point will lead to pulse width compression. At last, approximate theoretical analysis is used to verify our experimental results.
The paper is organized as follows. In section 2, the experimental setup of knife-edge diffraction is expounded. In section 3, the spatial-temporal evolution with the different diffraction parameter for ultrashort laser pulse during SSSF is analyzed. Section 4 presented the detailed theoretical analysis for temporal evolution.
Experimental setup
A schematic overview of our experiment setup is shown in Fig.1 . We use an amplified Ti: sapphire laser system (Coherent Libra S, 0 λ =800nm) delivering pulses with bandwidth of 12nm, single pulse energy of 1mJ, duration 0 τ =100fs at 1kHz repetition rate. The beam is split into two beams by a beam splitter, BS1, one is used as a pump beam and the other as a probe beam. The probe beam passes through a variable optical delay line before it is directed to knife-edge. The direction of the probe beam is changed by a rotating mirror in front of the knife-edge, according that the pump beam can be scanned by the probe beam when M5 is rotated. The spatial and temporal scanning resolution can be controlled by adjusting the position of knife-edge. A glass cuvette with 5cm path length is filled with carbon disulfide (CS 2 ). CS 2 is chosen as the nonlinear medium because of its strong Kerr nonlinearity. The pump beam is directed to the CS 2 reflected by M3. A variable attenuator, A1, is used to adjust the input power of the pump beam. A knife-edge with thickness of 0.1mm in front of CS 2 is used to generate initial diffraction modulation. The evolution of spatial-temporal of the pump pulse can be monitored by two synchronized high-resolution charge-coupled device CCD cameras (pixel size 1,280× 1,024, resolution 6.7 m m × 6.7 m m ). In order to measure the spatial evolution of the pump beam in the front surface of BBO crystal, a part of the pump beam is imaged onto CCD1 reflected by a beam splitter, BS2. It follows that the optical path from the beam splitter, BS2, to BBO crystal is equal to from BS2 to CCD1. A sum-frequency beam generated in the BBO nonlinear crystal under non-collinear interaction of two beams is collected with a CCD2. So we can indirectly measure the temporal evolution of the pump pulses by the sum-frequency beam based on the cross-correlation principle. The adjustable attenuators, A2 and A3, are custom-designed to protect CCD cameras from damage by high power laser beams. Fig. 2 shows the spatial evolution of ultrashort laser pulse with different truncation parameter during SSSF. It can be observed from Fig. 2 that the new modulation growth point of SSSF appears in P1. When the truncation parameter is big, the influence of nonlinear effect is far less than the diffraction effect and the diffraction modulation plays a major role. So the SSSF at P1 is not obvious and the intensity of diffraction modulation peak P2 is more than P1 when the truncation parameter is 1.5 in Fig. 2(a) . The nonlinear effect enhances with the decrease of truncation parameter, which causes the modulation growth of SSSF at P1 zone to strengthen. It is evident from Fig. 2 (a)-2(d) that the intensity of the new growth point P1 increases rapidly with the decrease of truncation parameter. When the truncation parameter decreased to 0.9, the intensity of the growth area P1 reaches maximum. As the truncation parameter continually decrease, the effect of SSSF cannot increase because the energy of beam is finite. In fact, the energy of the pump beam which passes through the knife-edge increase with the decrease of truncation parameter. As the energy increased, the peak power of the pump beam increases. Meanwhile, the effect of SPM strengthen, which leads to the energy of laser pulse moving towards the modulation growth of SSSF. Fig. 3 indicates that the peak power reduces with the increment of the truncation parameter. The changeable of peak power would modify the position of the fastest growth frequency according to the property of MI [29] . Fig. 3 The peak power ratio of the pump beam varies with truncation parameter.
Experimental results
Spatial spectrum distribution of the diffracted laser pulse which passes through a nonlinear medium with different truncation parameter is shown in Fig. 4 . Spectrum distribution explains the reasons for the evolution of the new growth point. It is shown in Fig. 4 that the fastest growth frequency (arrow indicated) is away from the center frequency, which leads to the growth point increasingly far away from the center of beam. In addition, the spectral width increases with the decrease of truncation parameter. It is well known that spectral width decides the pulse width. So the pulse width would narrow with the decrease of truncation parameter. The temporal evolution of the pump beam in Fig.5 demonstrates this conclusion. Fig. 4 The spatial spectrum distribution of SSSF varies with truncation parameter. Fig. 5(a) shows the temporal distribution of the new growth point P1 for ultrashort laser pulse in different truncation parameter. Fig. 5(b) displays the pulse width varies with the truncation parameter. The pulse width decreases with the truncation parameter reducing. It is can be observed in Fig. 5 that the pulse would compress with the decrease of truncation parameter. The spatial intensity of growth point increases quickly with the decrease of truncation parameter. The rapid growth of the spatial intensity leads to strong nonlinear effect. The spectrum of the pulses is broadened by SPM and then the pulse width of the new growth point becomes narrow because of the changeable of spectrum. So the pulse width at the growth point P1 in space is compressed with the decrease of truncation parameter. 
Theoretical analysis for temporal evolution
Ultrashort laser pulse is under a temporal and spatial interdependence during its propagation. The effect of SSSF enhances the intensity of the new growth point, which in turn affects the temporal evolution at this zone. Depending on the above analysis that the changeable of truncation parameter would change the actual peak power of the pump beam. The peak power would affect the strength of SPM, which would cause the spectrum to expand. And then the changeable of spectral width leads to the pulse compression and then the pulse width would decrease. In the experiment, the effect of dispersion can be neglected, since the dispersion effect traversing 5cm of CS 2 is the same with only changing the truncation parameter in the experiment. When an unchirped pulse is incident at z =0, the spectral broadening factor of the pump beam after propagation a distance z in a nonlinear medium related to the input power by the relation P is input power, z is nonlinear propagation distance. The broadening factor is related to the input power and nonlinear propagation distance. As the input power increased, the spectral broadening factor increases.
The pulse width after propagation a distance z in a nonlinear medium by the relation:
Where 0 T is initial pulse width. According to the equation (3), the pulse width compresses with the increment of input power. The pulse width at P1 calculated according to equation (3) is shown in Fig. 6 . It is illustrated in Fig. 6 that the pulse width decreases with the increment of input power. In the experiment, the input power changes with the truncation parameter. As the truncation parameter decreased, the peak power increases and the pulse width reduces. The calculated results are shown in Fig. 6 , in agreement with the experimental results.
Conclusions
In summary, we demonstrate that SSSF can be created in CS 2 by knife-edge diffraction. Spatial distribution of SSSF is determined by the truncation parameter of knife-edge diffraction. Our results indicate that when the truncation parameter is big, the influence of nonlinear effect is far less than the diffraction effect and the diffraction modulation plays a major role. As the truncation parameter decreased, the peak power increases which causes the effect of SPM to enhance and the off-axis energy to move towards the new growth point. It causes the spatial intensity of the new growth point to increase rapidly. We also obtain the spatial spectral distribution with different truncation parameter. We find the fastest growth frequency is increasingly far away from the center frequency and the spectral width increase in the same time. They causes the growth point to keep far away from the center of beam and the effect of SPM strengthen. Another, we analyze the effect of spatial modulation on pulse width. The peak power increases with the decrease of truncation parameter. The effect of SPM enhances with the increase of peak power. It leads to the spectral broadening factor large. The changeable of spectral width causes the pulse width to decrease. We also explain the evolution of spatial-temporal by theoretical analysis and the experimental results are agreement with the calculated results. We believe that an understanding of the detailed process of temporal evolutions at different partial spatial zones can help us to obtain a better understanding of the filaments of high power lasers.
